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ABSTRACT: In recent years, interleukin-2 (IL-2) has been used as an immunomodulatory agent in the treatment of various malignant tumours. However, this treatment has been limited by serious side-effects, including toxic reactions in the lung. The effects of IL-2 treatment on inflammatory cell populations in the normal and irradiated rat lung were investigated in this study.
IL-2 was continuously administered as a subcutaneous infusion over a 6 week study period. Irradiation was given in a single dose (25 Gy) the day after starting IL-2 treatment. Evaluation with bronchoalveolar lavage fluid (BALF) analysis and lung tissue morphology was made 6 weeks after irradiation.
In nonirradiated rats, IL-2 treatment induced significant increases in the total number of inflammatory cells in the perivascular, interstitial and peribronchial tissues as well as in the alveolar space. These increases were not reflected in BALF; on the contrary, a significant decrease of the total numbers of inflammatory cells was found in BALF. Irradiation alone caused a more pronounced inflammatory response with significant increases of all inflammatory cells in all lung compartments, which was also reflected in BALF. Concomitant treatment with IL-2 and irradiation induced an enhanced accumulation of inflammatory cells in the perivascular and peribronchial tissues compared with irradiation alone.
Thus, both irradiation and IL-2 treatment induce inflammatory reactions in the lung, but there were few signs of synergistic effects seen in this study. Furthermore, the results also emphasize the difficulties in making sophisticated conclusions from BALF analyses alone. Eur Respir J., 1995 Respir J., , 8, 1872 Respir J., -1878 Interleukin-2 (IL-2) is a potent regulator of the immune system. It is able to increase the tumour bearing host resistance to neoblastic disorders [1, 2] . Through expansion of cytolytic T-cell clones, IL-2 augments cellular immunity to tumour associated antigens [3, 4] . Thus, treatment with IL-2 would theoretically offer intriguing possibilities in the therapy of malignant tumours. However, serious side-effects, such as convulsions and severe hypertension, associated with IL-2 treatment have considerably hampered the initial enthusiasm (for review see [5] ). Moreover, during IL-2 treatment, lung complications with respiratory insufficiency have been reported [6] . It is believed that these pulmonary reactions are explained by a combined effect of IL-2 induced cardiac toxicity and capillary leak syndrome [5] . Thus, IL-2 is a potent modulator of the immune system and it is possible that the lung toxicity may also be mediated by an IL-2-induced immune reaction, disparate from the effect on the vascular permeability. This question has, to our knowledge, not yet been investigated.
Irradiation is known to induce a specific tissue reaction both in humans [7, 8] and animals [9] . From bronchoalveolar lavage (BAL) studies on patients with localized breast cancer receiving postoperative radiation therapy, we have previously found an inflammation in BAL fluid (BALF) characterized by increase of lymphocytes and mast cells, paralleled by an increase of connective tissue associated substances, such as hyaluronan, fibronectin and procollagen-III-peptide [7, 8] . These findings inspired us to develop an animal model facilitating combined analysis of BAL and tissue morphology in one and the same animal. We found that the irradiation-induced tissue reaction in the lung was characterized by a pronounced increase of mast cells and mononuclear cells in the alveolar tissue, closely correlated with an increase of hyaluronan [9] . In contrast, BAL was characterized by an increase of neutrophils, lymphocytes and, to a much lesser degree, of mast cells, indicating that BAL differential cell counting did not fully reflect the events in the alveolar region. Moreover, hyaluronan in contrast to cellular differential counting, closely reflected the deposition seen in the alveolar tissue [9] . It is thus reasonable to believe that those animal data are also partly relevant in the human situation. BAL is thought to reflect inflammatory events in the lower airways, and larger lavage volumes have been recommended in order to secure sampling of the alveolar regions [10] . Factors such as anatomical constitution, lavage site and cellular activity/ adhesiveness (i.e. induced by cytokines) may influence the BAL results.
The aim of the present study was to determine whether IL-2 could induce an inflammatory reaction in the lungs and, if so, how this was reflected by BAL. Another aim was to see whether IL-2 treatment influenced the radiation-induced reaction in the rat lung, with special emphasis upon the combined use of tissue morphological analysis and BAL.
Materials and methods

Animals
Thirty five male Spraque-Dawley rats, aged 16 weeks and weighing about 300 g each at the start of the experiment, were used. The experiments were approved by the Ethics Committee (No. A103/90), and handled according to the regulation of the Swedish Animal Protection Act (SF 1988.534). The animals were given standard rat pellets and tap water ad libitum.
Study design
The rats were divided into four groups, eight animals in each group (11 animals in the control group). One group was treated only with interleukin-2 (IL-2), one group was only irradiated (R), one group was treated with interleukin-2 and irradiation (IL-2+R), and one group of rats served as non-IL-2 nonirradiated controls (C). In four of the control animals, sham treatment was performed. In these animals, capsules with buffered saline and albumin were implanted. No difference could be found in weight gain or morphology between these animals and the remaining seven controls (data not shown).
Methods
Interleukin-2 administration. IL-2 treatment was started one day before the irradiation. The method of administration has been described in more detail previously [11] . Briefly, IL-2 was continuously delivered as a subcutaneous infusion using an Alzet micro-osmolic pump (model 2002) during the experimental period (Alza Corporation, Palo Alto, Ca, USA), with a steady delivery of 0.5 µL·h -1 for 14 days. The pumps were filled with IL-2 dissolved in buffered saline with 0.5% human albumin to a concentration of 1,800,000 IU in 200 µL, which corresponds to a mean daily dose of 424,000
IU·kg -1 . This dose was selected based upon the work of others and our previous published data [11, 12] , where we chose a dose with expected biological effect throughout the treatment period, but with minor signs of animal morbidity, measured as weight gain, compared to nontreated controls. Before treatment, the animals were anaesthetized by means of an intraperitoneal injection of a solution, 0.2 mL·100 g -1 body weight, of equal parts of Dormicum® (Midazolam 5 mg·mL -1 , Roche, Basel, Switzerland) and Hypnorm® (Fluanizone 10 mg·mL -1 , Janssen Pharmaceutical, Beerse, Belgium). The pump was embedded subcutaneously just below the neck. A new pump with fresh solution was implanted, by the same method, every 14 days. In total, three capsules were implanted throughout the whole observation period.
Radiation. The day after starting the IL-2 treatment, IL-2+R and R rats were anaesthetized by intraperitoneal injection, 0.2 mL·100 g -1 body weight, of DormicumHypnorm as described previously [9, 13] . The rats were placed in supine position in a body shaped box. The lower parts of the lungs were irradiated with photon beams 6 mV (dose rate 2.19 Gy) to an accumulated mean target dose of 25 Gy. The nonirradiated parts were shielded by a block of Rose's metal, 80 mm thick. With this dose, a significant radiation induced tissue reaction was achieved at the selected time-point; however, this was less intensive than previously found after 30 Gy [9] , and after 28 Gy [13] . The animals were sacrificed 6 weeks after irradiation.
Bronchoalveolar lavage (BAL).
The rats were deeply anaesthetized by intraperitoneal injections of DormicumHypnorm®. The animals were thereafter sacrificed by exsanguination, blood samples collected from the heart, the chest wall opened and the lungs and trachea dissected free in situ. After tracheotomy, a small plastic tube with a stiff internal introducer was inserted into the trachea and placed in the right main bronchus. The catheter position allowed only the lower and the middle lobes to be lavaged. The left main bronchus was compressed and 3 mL phosphate buffered saline (PBS) solution was instilled through the tubing and thereafter gently aspirated. The lavage procedure was repeated three times with 2 mL of PBS in each aliquot. The lungs were thereafter further processed for histological sections.
Analysis of bronchoalveolar lavage fluid (BALF) cells.
The BALF was kept on ice and total numbers of cells were counted in a Bürker chamber. The lavage fluid was centrifuged at 400×g for 15 min at 4°C. The cell pellet was resuspended in a balanced salt solution to a concentration of 10 6 cells·mL -1 . Slides were prepared using a cytocentrifuge (Cytospin Shandon, Southern Ltd, Runcorn, UK) at 96×g for 5 min, giving approximately 50,000 cells·slide -1 . The cytospin slides were stained with May-Grünwald Giemsa and 200 nonepithelial cells were counted to determine the proportions of macrophages, lymphocytes, neutrophils and eosinophils. The result were presented as percentage of all cells and as total cells·mL -1 BALF.
Morphological analysis. Immediately after BAL, the right lungs of every other rat were distended in situ to its total lung capacity by installation of a solution of either MILAB fixative (0.2 g CaCl 2 , 0.2 g KH 2 PO 4 , 1.14 g Na 2 HPO 4 , 8 g NaCl, 40 mL formaldehyde, dissolved in 1,000 mL H 2 O; MILAB AB, Malmö, Sweden) or IFAA (0.6% formaldehyde and 0.5% acetic acid in distilled water). After compression of the right main bronchus, the left lungs from four randomly chosen rats in each group were infused under gravity with Histocon® (Histolab AB, Gothenburg, Sweden), for immunohistochemical staining at 4°C until it reached normal inflated size. The left lungs of the remaining four rats were fixed by installation of a solution of MILAB or IFAA. The lungs and hearts were then removed from the thorax.
The left lungs fixed in Histocon® were stored at 4°C for not more than 60 min. Thereafter, the specimens were snap frozen in chilled isopentane and stored at -70°C.
The lungs (≥6 per group) fixed in MILAB were further processed in a microwave oven for 25 s giving the preparations a final temperature of 40-45°C and, thereafter, washed in buffered saline and kept in this solution until dehydration. The lungs (≥6 per group) fixed in IFAA solution were kept in this solution until dehydration. After dehydration, the lungs were embedded in paraffin and 5 µm thick sections were prepared.
Sections fixed in MILAB were stained with Luna's stain (Weigert's working haematoxylin with 0.2% Biebrich scarlet red solution, 1% HCl in 70% ethanol, 0.5% aqueous lithium carbonate) and used to determine the total cell numbers and differential cell counts. Luna's stain was used as an alternative to haematoxylin-eosin, with easy detection of eosinophils in the tissue. Sections fixed in IFAA were stained with acid toluidine blue, counter stained with Mayer's acid haematoxylin and used for determination of mast cells in the alveolar interstitium [14] . Both the MILA and IFAA fixed lungs were stained with Masson's trichrome to visualize the increase of interstitial collagen 6 weeks after irradiation (data not shown). Total and differential cell counts (except staining of eosinophils) could be made on Masson trichrome as well as on Luna stained slides.
Since no significant difference was found in the interstitial cell numbers between the lavaged and the nonlavaged side (data not shown), both lungs were used for morphology. Total cell counts were made on four defined areas of lung tissue, the alveolar space, the lung interstitium (e.g. alveolar septal tissue), the peribronchial tissue and the perivascular tissue. Differential cell counts were made on BAL cytospin centrifuge slides and on cells present in the alveolar space. The macrophage population was divided into two groups, small to medium size macrophages (SMC) and big foamy rich vacuolized alveolar macrophages (BMC). In the tissue, it was not possible to differentiate between mononuclear cells, such as macrophages and lymphocytes, and therefore differentiation could only be made between mononuclear cells and polymorphonucleated cells (PMNs). Since no or very few eosinophils could be seen either in BAL, alveolar space or in the interstitial tissue it was assumed that the majority of PMNs consisted of neutrophils. The IFAA fixation procedure and the acid toluidine blue staining technique for mast cell counting impairs the general morphology, and it was difficult to differentiate between vascular and bronchial tissue. Therefore, for mast cell counts no differentiation was made between peribronchial and perivascular tissue.
Histocon® inflated frozen lungs (=4 per group) were used for immunoperoxidase staining to visualize T-cell subsets. Longitudinal acetone-fixed cryostat sections, 6 µm thick, including apex, hilar tissue and the base of the left lung, were processed for peroxidase-antiperoxidase (PAP) staining [15] . T-cell populations were identified by the W3/13 monoclonal antibody (MoAb) reactive with a glycoprotein present on all T-cells and on a small amount of certain other leucocytes [16] . T-cell subpopulations were identified by the OX 8 MoAb recognizing a homologue of the human CD8 antigen on rat suppressor/cytotoxic T-cells [17] , and the W3/25 MoAb recognizing a homologue of the human CD4 antigen on rat helper T-cells and certain macrophages [18] . Preformed complexes of horseradish peroxidase and monoclonal mouse antihorseradish peroxidase antibody (diluted 1/500) were obtained from Dakopatts (Copenhagen, Denmark). The peroxidase reaction was developed with 3-amino-9-ethyl-carbazole [19] , and the sections were counterstained with Mayer's haematoxylin. The dilutions of the antibodies were determined using sections from normal rat lymph nodes. Controls without the primary antibodies or with irrelevant antibodies produced no staining. Each specimen was also stained with haematoxylin and eosin.
All data from histological sections were calculated from 10 fields with an accumulated area of 0.113 mm 2 , and were counted at a magnification of ×480 [13] . The results are presented as numbers of cells·mm -3 .
Statistical analysis
Wilcoxon's nonparametric rank sum test was used to analyse the data. A value of p less than 0.05 was considered as the level of significance.
Results
Effects of IL-2 treatment
In histological sections, the total cell numbers in the alveolar space increased in the IL-2 treated group compared to the controls ( fig. 1) , mainly due to an increase of macrophages and lymphocytes (table 1 ). An increase of total cells was also seen in the lung interstitium, the peribronchial tissue and, most markedly, in the perivascular area ( fig. 1) .
IL-2 treatment caused an increase of T-cells in the perivascular area ( fig. 2d) . A few mast cells were located in the peribronchial/perivascular area, and in this area C . YI-QING ET AL.
IL-2 treatment caused twofold increase of mast cells compared to controls (table 2) . No or very few mast cells could be seen in the alveolar space.
In marked contrast to histological findings, the total numbers of cells recovered in BALF was clearly reduced in the IL-2 group compared to untreated controls ( fig.  1) , mainly due to a decreased number of small to medium sized macrophages (table 1) . No or very few eosinophils could be seen in any of the groups.
Effects of irradiation
A more than tenfold increase of total alveolar cells was found in the irradiated group compared to the controls ( fig. 1) . The relative increases of large macrophage-like cells, lymphocytes and PMNs was of the same magnitude, whereas the total increase of small macrophages accounted for 60% of the total cell increase (table 1). The total cell numbers were also increased in the interstitium, peribronchial and perivascular areas of the irradiated group compared to the controls ( fig. 1) Values are presented as mean±SEM. There were eight animals in each treatment group and 11 controls. SMC: small to medium sized monocytes/macrophages; BMC: big macrophages; LC: lymphocytes; PMN: polymorphonucleated cells; C: controls; IL-2: interleukin-2 treated animals; R: irradiated animals; IL-2+R: IL-2 treated and irradiated; NS: nonsignificant. *: p<0.05; **: p<0.01; ***: p<0.001, compared to control rats.
to the response induced by IL-2 treatment alone, irradiation caused a more pronounced increase of total cells in the alveolar space and in the interstitium. In contrast, no difference in response could be seen in the peribronchial area, and in the perivascular tissue there was a tendency toward higher numbers of cells in the IL-2 treated group compared to the irradiated non-IL-2 treated group (p=0.054). Irradiation caused a sixfold increase of T-cells in the alveolar space. Both CD4+ and CD8+ cells were increased ( fig. 2a) . The numbers of mast cells in the irradiated group were increased 50 fold in the interstitium and around 10 fold in the peribronchial/perivascular compared to the controls (table 2) . Irradiation caused a marked increase of PMNs in BALF, whereas the number of small macrophage-like cells was reduced (table 1) .
Effects of IL-2 treatment plus irradiation
IL-2 together with irradiation caused a greater increase of total cells in the peribronchial and perivascular areas : controls (C; n=11); : interleukin-2 treated rats (IL-2; n=8); : irradiated rats (R; n=8); : IL-2 treated and irradiated (IL-2+R; n=8). Statistical comparisons between treated and controls were made with Wilcoxon's nonparametric rank sum test for unpaired samples, and flagged as *: p<0.05; **: p<0.01; ***: p<0.001. Statistical comparisons between the IL-2 and IL-2+R groups are shown separately (two headed arrows). fig. 1) . Because of the limited numbers of animals stained for T-cell typing in each group (n=4), the interpretation of the T-cell data must be performed with care. However, compared to irradiation treatment alone, there was a tendency toward decreased numbers of T-cells, especially CD4+ cells in the alveolar space ( fig. 2a) . In contrast, the numbers of T-cells, especially CD4+ cells, tended to be elevated in the perivascular area in the group treated with both IL-2 and irradiation ( fig. 2d) . Moreover, addition of IL-2 
significantly enhanced the mast cell response caused by irradiation in the peribronchial perivascular area, whilst no significant difference could be seen in the interstitium (table 2) . Neither the total cell numbers nor the differential cell counts in BALF were altered when IL-2 was given to irradiated rats ( fig. 1, and table 1 ).
Discussion
The results of this study demonstrate that IL-2 induces an inflammatory response in the lung tissue, as well as in the alveolar space and interstitium. However, we did not find any major additional effects of adjuvant IL-2 treatment on the intense inflammatory reaction caused by irradiation. It was interesting to see that the increased number of inflammatory cells in the alveolar tissue seen histologically after IL-2 treatment was not at all reflected in BALF.
IL-2 is known to activate T-cells, especially CD4+ Thelper cells. Activated T-cells are able to both promote fibrosing inflammation by secreting fibroblast chemotactic and activating factors [20, 21] , and to influence the activation of mast cells involved in this fibrotic process [22] . These data suggest that lung toxicity in IL-2
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** treated patients may be mediated by inflammatory processes induced or enhanced by IL-2. The observations in this study show that IL-2, which induces an invasion of inflammatory cells to the lung tissue in nonirradiated rats, is in accordance with such a concept. In this study, however, the absence of additional effects of concomitant administration of IL-2 on the general inflammatory reaction induced by irradiation was striking, with the exception of the perivascular area. In this particular compartment, the numbers of T-cells show an increase in both groups of irradiated rats, but this effect was even more pronounced in the group where IL-2 only was given.
The reason for this is unclear. IL-2 is known to increase systemic vascular permeability as well as pulmonary vascular permeability [23] . Mediators involved in this process may also serve as chemotactic signals attracting inflammatory cells to the vascular compartment [24] . IL-2 was administered subcutaneously and reached the lungs via the systemic vascular route. This may also be an important factor, partly explaining why the inflammatory response after IL-2 administration seems to be higher in the vascular compartment. The effect induced by IL-2 alone in the perivascular tissue was even superior to the inflammatory response caused by irradiation alone. The lack of evident effects in the other compartments suggests that IL-2 and irradiation, respectively, at least as administered in this study, cause inflammatory responses by different mechanisms that do not act synergistically. BAL is a widely-used tool in studies of inflammatory processes in the peripheral airways. However, it is still unclear to what extent BALF findings reflect the actual inflammatory processes in the peripheral airways [10, 25] . The findings in this study show that IL-2 treatment, which reduces the number of inflammatory cells in BALF, is in accordance with a previous clinical observation. We found, in a case report of a single patient that IL-2 treatment decreased the total number of cells in BALF [26] . IL-2 is known to induce an increased production of adhesion molecules from natural killer (NK) cells [26] , and possibly also to directly increase the adherence of Tcells [20] as well as monocytes/macrophages [28] in the lung. In the present study, the increased numbers of cells seen in the alveolar space after IL-2 treatment was paralleled by a decrease of cells in BALF. This indicates that IL-2 treatment in vivo also induces an increased adhesiveness of cells situated in the peripheral airways, making BAL analysis in such a situation unreliable or difficult to interpret. Furthermore, IL-2 treatment did not only influence the total cell numbers recovered; the effect also seem to differ between different cell types, with a more pronounced decrease seen in the macrophage fractions.
In summary, even though both irradiation and interleukin-2 treatment separately induce significant inflammatory responses in the lung, no convincing signs of synergistic actions could be seen in the present experimental model. This study clearly supports previous doubts concerning the interpretation of cell recovery in bronchoalveolar lavage fluid, since this could be modified by differences in cell activation and adhesiveness.
